We have developed a recombinant DNA shuttle vector that permits the molecular analysis of mutations induced in human cells by chemical or physical mutagens. The vector is able to replicate as a plasmid in Escherichia coli and in Epstein-Barr virus (EBV)-transformed human lymphoblastoid cell lines and contains the herpes simplex virus type 1 thymidine kinase gene (HSV tk) as the target for mutagenesis studies. After introduction of the vector into an EBV-transformed lymphoblastoid cell line (LCL-721) by electroporation, m2% of the transfected cells expressed the vector-encoded gene for hygromycin resistance. Plasmid DNA isolated from cells immediately after selection for hygromycin resistance (10 
Our understanding of the types of mutations induced by chemical or physical mutagens in mammalian cells and of the mechanisms by which such mutations are fixed is at present quite limited. Although it is now possible to determine DNA sequence changes induced in cellular genes, the complex structure of most mammalian genes presents difficulties in cloning and characterizing the mutant sequences. Recombinant DNA shuttle vectors that are able to replicate as plasmids in mammalian cells and bacteria can more readily be used to study the molecular details of mutagenesis. After fixation of mutations by replication of the vector in mutagentreated mammalian cells, mutants may be efficiently selected and amplified in bacteria for subsequent analysis.
A stumbling block to the use of available shuttle vectors for the study of mutagenesis has been the observation that the process of transfection of DNA into mammalian cells is itself highly mutagenic (1) (2) (3) (4) . Plasmid DNA isolated from a variety of mammalian cells shortly after transfection of papovavirusbased shuttle vectors was found to contain a high frequency (ca. 1%) of mutations. An exception is the observation by Lebkowski et al. (3) that simian virus 40 (SV40)-based shuttle vector transfected into two human cell lines had a lower frequency (ca. 0.1%) of mutations. By using a lacI-SV40 shuttle vector in the human 293 cell line, Calos and coworkers (5, 6 ) observed a significant increase in the mutant frequency of the lacI gene after treatment of cells containing the vector with ultraviolet light or ethyl methanesulfonate.
Most transfection-induced mutations involve DNA sequence rearrangements (1-4, 7, 8) and are thought to result from damage to the DNA that occurs prior to replication of the vector (1, 3 resis of the products on a 0.7% agarose gel, the amounts of pHET DNA in the samples were determined by transfer of the DNA to a nylon membrane by the method of Southern (20) and hybridization to a radiolabeled probe consisting of the pBR322 and HSV tk sequences. An autoradiogram of the Southern blot was analyzed by microdensitometry, and the amounts of pHET DNA in the samples were estimated by comparison to the reference standards (data not shown). Among the clones tested, 9-29 copies of pHET DNA per cell were detected (average, 21 copies per cell). The parental population had 24 ± 4 copies per cell. There was no evidence (detection limit, 1 copy per cell) of integrated or rearranged plasmid in any of the clones or in the parental population.
We analyzed the plasmid DNA isolated from populations of hygromycin-resistant LCL-721 cells for the presence of unreplicated pHET DNA by taking advantage of the fact that the plasmid DNA used for transfection was obtained from an E. coli strain with a functional dam methylase. Plasmid DNA isolated from these bacteria is resistant to cleavage by the restriction endonuclease Mbo I and sensitive to digestion by Dpn I, whereas the converse is true of plasmid DNA that has undergone replication in the lymphoblastoid cells (11) . Digestion of the plasmid DNA isolated from hygromycinresistant LCL-721 cells with Mbo I eliminated its ability to transform E. coli, whereas these DNA samples were resistant to digestion by Dpn I (data not shown). Thus, all of the DNA isolated from the transfected cells had apparently undergone replication in the LCL-721 cells.
Frequencies of Spontaneous and Transfection-Induced Mutations. A low frequency of mutations in the HSV tk gene was observed when pHET DNA was isolated from transfected LCL-721 cells (Table 1) . These cells had been grown in the presence of hygromycin for w1O population doublings after electroporation. In three independent experiments, the frequency ofHSV tk mutants averaged 6 x 10-5. This frequency was =4-fold higher than that observed for the input pHET DNA, which was purified from plasmid-bearing E. coli FT334.
Three We studied the structures of the HSV tk mutant plasmids by digestion of the DNA with Kpn I, Ava I, and Xho II followed by separation of the products by electrophoresis on a 2% agarose gel. Digestion of pHET DNA with these three enzymes cleaves the coding sequence ofthe HSV tk gene into The HSV tk gene has a coding sequence of =1100 bp and is a sensitive target for studying the induction of mutations in the shuttle vector. The mutant phenotype is characterized by the loss of functional enzyme activity for the gene product. Thus, use of this target gene should allow the detection of a broad range of mutational events, including base substitutions, frameshift mutations, insertions, or deletions. We observed 10-to 15-fold increases in the frequency of mutations in the HSV tk gene when plasmid-bearing lymphoblastoid cells were treated with EtNU at a dose allowing 10% survival of the treated cells relative to solvent-treated cells. Only a small fraction (30%) of the induced mutants contained detectable deletions. This result is consistent with studies done in bacteria (23) and in mammalian cells (24) that demonstrated that EtNU efficiently induced base-substitution mutations. The proportion of deletion mutations observed in our studies was slightly larger than would be expected if all of the deletions were derived from the background of transfection-induced mutations. The hypothesis that EtNU may induce deletion mutations in the shuttle vector awaits testing by treating cloned plasmid-bearing cell lines; these cells have a lower background of deletion mutations than the transfected populations of cells used in the current studies.
The use of shuttle vectors provides a facile approach to studying mutagenesis in mammalian cells. The selection and amplification of mutants in E. coli allow ready determination of the DNA sequences of a large number of induced mutations. Analysis of a large number of mutations is crucial to addressing questions related to the mutational specificity of chemical or physical mutagens and to understanding the mechanisms by which induced mutations are fixed. The oriP shuttle vector has several favorable attributes as a model for studying mutagenesis in mammalian cells. (i) The vector is stably maintained in human lymphoblastoid cells and probably replicates synchronously with normal cell replication (25) . (ii) The vector's stability in transfected cells and its low background of transfection-induced mutations allow treatment with mutagen under conditions in which the induction of mutations in cellular genes such as HPRT may also be studied. ( iii) The vector may be introduced into EBVtransformed lymphoblastoid cell lines derived from humans known to respond abnormally to DNA damage (26) . Analysis of mutagenesis in plasmid-bearing cells derived from these human mutants may provide important clues to the molecular details of the process of mutagenesis in normal mammalian cells.
